Before implementing measures to prevent rockfall disasters, it is necessary to clarify the distribution of rock-outcrops, the likelihood of a rockfall, its path, and probability of the rockfall reaching the track. Given the number of natural slopes adjacent to railway lines that would have to be surveyed however, it is difficult to obtain this information for all rock-outcrops. A rockfall hazard mapping method was therefore developed using Digital Elevation Models, which will enable engineers to identify rockfall risk along a railway line.
Introduction
It is important to investigate slopes and rock-outcrops that are the source of rockfalls so that countermeasures can be applied, as necessary. Before implementing any measures however, it the source, scale, mass, path and likelihood of reaching the track of a possible rockfall must be identified. The large number of slopes adjoining railway lines however would make it difficult to investigate and determine rockfall risk for all of them.
Digital Elevation Models (DEMs) generated by airborne Light Detection and Ranging Technology (airborne LiDAR) have been used recently for studying natural disasters. DEMs can be used to produce detailed representations of a terrain, which make them useful for detecting rock-outcrops (that may be source of rockfalls) and analyzing the path of the rockfall.
The purpose of this study was to develop a hazard mapping method for rockfalls using 1m-mesh DEMs. This method, based on a DEM using airborne LiDAR, would automatically detect rock-outcrops, calculate rockfall paths and likelihood of their reaching the track.
Topographical features of rock outcrops
On natural slopes, rock-outcrops form steep slopes, and protrude from the slope (Fig. 1) . These features can be represented by the gradient and curvature of the surface of the terrain calculated using a DEM. The gradient and the curvature are defined as follows: a) Gradient [1] The gradient is obtained by difference approximation using the elevation values of the four points (x i-1 , y i ), (x i+1 , y i ), (x i , y i-1 ), (x i , y i+1 ) adjacent to a target point (x i , y i ) in the x direction and the y direction, where x and y axes are defined as easting and northing respectively. When the elevation at the target point (x i , y i ) is u(x i , y i ), the gradient S(x i , y i ) is defined as follows:
The curvature is the derivative of the slope, which is defined as follows:
This curvature represents a concave surface if the value is positive, and a convex surface if the value is negative.
The frequency distribution of the abovementioned gradient and curvature in the area containing rock-outcrop and for the entire mountainous area (including rockoutcrops) in the study area, are shown in Fig. 2 . The frequency distribution of the gradient shows that the gradient of rock outcrops tends to be larger than that of the entire mountainous area. For example, the most frequent value in the entire mountainous area is 38°, but is 52° among the rock-outcrops. The frequency distribution of the curvature also differs between the rock-outcrops and the entire mountainous area, i.e. the number of negative values is double the number of positive values for rock-outcrops.
Therefore, rock-outcrops are characterized by a steep slope and convex surface. In other words, it is possible to extract rock-outcrops using the gradient and the curvature calculated from DEMs. 
Method for extracting rock-outcrops
From the results described in the previous chapter, rock-outcrops with a gradient of more than 50° and negative curvature value were extracted ( Fig. 3 (a) ). First, gradients were classified into two levels, namely, less than 50° and more than 50°, while curvature values were classified into three groups, namely, negative values (convex), 0 (flat) and positive values (concave). Based on the logic command 'AND' , slopes with a gradient of more than 50° and negative curvature were calculated. The extracted points were scattered and many points were not densely distributed even at in locations containing rock-outcrops. This is due to calculating the curvature using 1m-mesh DEM. Using 1m-mesh DEM shows detailed unevenness in the terrain. This method allows extraction of a small convex portions of slopes with gradients of more than 50°. Also, since the surfaces of the rock-outcrops are not just composed of convex surfaces but also concave and flat surfaces, it is difficult to extract rock-outcrops using only curvature. Results show therefore that a method which can detect a wide range of gradients and unevenness is effective for extracting rock outcrops. A filtering method was therefore adopted.
Filtering is a method of image processing used for emphasizing and extracting spatial features or reducing noise in an image. With a filter operator, calculations are performed between the cell value and the operator while moving the grid-shaped filter operator one cell at a time in Curvature of rock-outcrops relation to the original image. Filtering that returns the most frequent value within the operator range to the target cell is adopted. As a result, in order to reproduce approximately the actual distribution of rock-outcrops, it was found that using the logic command 'AND' between negative curvature values processed by filtering (operator size of 9 pixels×9 pixels) and gradient of more than 50°was appropriate. An example of the result of an extraction is shown in Fig. 3 (b) , and the extraction flowchart is shown in Fig. 4 . 
Verification
The results of extraction and the actual distribution of the rock-outcrops are shown in Fig. 5 . Figure 5 shows that relatively large rock-outcrops can be extracted using this method, but, smaller rock-outcrops measuring just a few meters cannot be extracted. Also, sometimes steep slopes without rock-outcrops are extracted, and it is difficult to accurately extract the actual distribution shape of rockoutcrops. This tendency was common to both steep mountainous areas and gentler mountainous areas. With this method it is therefore difficult to avoid incorrect detections (Fig. 3 (b) and actual distribution of rock-outcrops (blue line)) 50 m because of simple conditions used, namely just that a gradient should be more than 50° with a convex surface. Nevertheless, this method can be used in some regions, and it is possible to estimate approximately the actual distribution of larger rock-outcrops.
Fig. 5 Comparison of extraction results

Searching of pathways of falling rocks
The paths of falling rocks were analyzed on the assumption that the rockfall went in the direction of the maximum downward gradient, DMDG. In analyzing DMDG, first, it was assumed that the rocks fell from the rockoutcrops extracted using the method described in Chapter 3 (Fig.4) . Next, the gradient g for each of eight directions originating from the target cell was defined as follows, and their maximum gradient defined as DMDG. 
The arrow A shown in Fig. 6 represents the DMDG. If two or more DMDGs originated from one cell, all DMDGs were adopted as possible directions for the rockfall path. Hence, more than one path may be obtained from an estimated rock-outcrop cell, e.g. the arrows B and C shown in Fig. 6 .
If a falling rock is trapped in a DEM depression, e.g. the yellow cell in Fig. 6 , it is assumed that the rock moves in the direction of the minimum upward gradient, DMUG, only if DMUG is less than 10°, because, in reality, falling rocks may bounce over the ridge of a slope.
Evaluating the probability of a rockfall reaching the track
To evaluate the probability of falling rocks reaching the track, a rockfall was simulated using an existing method [2] . This simulation analyzes the falling movement of a rock on a two-dimensional section and outputs the trajectory of the falling rock for each Monte Carlo trial simulation. The friction and the reflection coefficient between the falling rock and the ground surface, and the critical velocity for change of the motion of the falling rock from rolling and slipping to jumping, are automatically set for each trial so that the occurrence probabilities of these parameters obey the normal probability distributions.
The simulations were conducted on the basis of the rockfall paths obtained by the method describe in Chapter 5 (Fig. 7 (A) ). The parameters required for the simulation were set according to the data shown in Table 1 . From the trajectories of falling rocks in all the trials, probability p of reaching the track was evaluated by Standard deviation 0.06 [3] Reflection coefficient in vertical direction Average 0.58 [3] Standard deviation 0.26 [3] Reflection coefficient in horizontal direction 
( )
where N trial is the total number of trials and N reached is the number of trials in which the falling rock reached or passed an arbitrary point on its path. The distribution of rock-outcrops (Fig. 8 (D) ) was estimated using the DEM (Fig. 8 (A) ) under the conditions in (1) for the gradients in Fig. 8 (B) and (2) for the curvatures in Fig. 8 (C) . Some estimated rock-outcrops were found on slopes close to the track.
The rockfall paths from the estimated rock-outcrops within 100m of the track were successfully analyzed using the DEM (Fig. 8 (E) ).
The probability of these rockfalls reaching the track was evaluated and plotted on the GIS as shown in Fig.  8 (F) . The probability of some falling rocks reaching the track was 100%. Others where there was a sand bank in a depression before the track or a flat piece of ground, were evaluated as likely to stop before reaching the track.
Conclusion
This paper proposes a new method to evaluate the probability of falling rocks reaching a railway line using DEM. The method consists of three components: estimation of the distribution of rock-outcrops, and of rockfall path from each rock-outcrop, and evaluation of the probability of rocks reaching the track using an existing rockfall simulation method. The method was successfully applied confirming that it can be used to estimate the probability of rocks reaching a railway line. The rockfall hazard areas were then mapped. This hazard map will be helpful in screening rock-outcrops to identify those that require further investigation in order to facilitate the planning of measures against rockfall disasters.
